Bioassay-and LC-MS-guided fractionation of a methanol extract from a new deep-water Alaskan sponge species of the genus Latrunculia resulted in the isolation of two new brominated pyrroloiminoquinones, dihydrodiscorhabdin B (1) and discorhabdin Y (2), along with six known pyrroloiminoquinone alkaloids, discorhabdins A (3), C (4), E (5), and L (6), dihydrodiscorhabdin C (7), and the benzene derivative 8. Compounds 3, 4, and 7 exhibited anti-HCV activity, antimalarial activity, and selective antimicrobial activity. Although compounds 3 and 7 displayed potent and selective in vitro antiprotozoal activity, Plasmodium berghei-infected mice did not respond to these metabolites due to their toxicity in vivo.
antiviral activity against hepatitis virus C (HCV), antimalarial activity against Plasmodium falciparum, and antimicrobial effects against the AIDS opportunistic pathogens methicillinresistant Staphylococcus aureus (MRSA), Mycobacterium intracellulare, and M. tuberculosis. By means of bioassay-and LC-MS-guided fractionation, we isolated a group of pyrroloiminoquinone alkaloids, including two new compounds (1 and 2), as the active principles. In this paper, we describe the isolation, structure elucidation of the alkaloids, and the evaluation of their anti-infective properties. In vivo antimalarial activity using P. bergheiinfected mice is presented for the two most active metabolites.
Results and Discussion
Analysis of the active fractions by LC-MS revealed characteristic ion clusters of mono-and dibrominated metabolites, and their 1 H NMR data in DMSO-d 6 showed characteristic pyrroloiminoquinone resonances [δ H 2.8-4.0 (H-16 and H-17), 7.1-7.7 (H-1, H-4, H-5, and H-14) , 7.8-8.5 (NH-18), , and 13.0-14.0 (NH-13)]. Further fractionation led to the isolation of a series of pyrroloiminoquinone alkaloids, including the new compounds dihydrodiscorhabdin B (1) and discorhabdin Y (2), as well as the known discorhabdins A (3), 3 C (4), 3,4 E (5), 5 and L (6), 6 dihydrodiscorhabdin C (7), 5 and the benzene derivative 8. 5 It is possible that 8 is artificially produced by a dienol-benzene rearrangement from dihydrodiscorhabdin C during the isolation process. 5 The structures of the known compounds were determined by MS and NMR data and confirmed by comparing the physical and spectroscopic data with those in the literature.
Compound 1 was obtained as a dark green solid. The LRESIMS spectrum of 1 showed an ion cluster at m/z 416 and 418 [M + H] + in a 1:1 ratio, which indicated the presence of one bromine atom. The molecular formula C 18 H 14 BrN 3 O 2 S, the same as that found for discorhabdin A (3), 3 was determined by the quasi-molecular ion peak at m/z 416.0267 [M + H] + obtained by HRESIMS. The UV spectrum displayed characteristic absorptions at 405, 360, and 250 nm for a cross-conjugated pyrrolo [1, 7] phenanthroline chromophore. [3] [4] [5] [6] The 1 H NMR (MeOH-d 4 ) spectrum of 1 showed the characteristic signals for a pyrroloiminoquinone at δ H 2.26 (1H, dd, J = 11.2, 3.2 Hz, 2.54 (1H, d, J = 11.2 Hz, 2.88 (2H, m, 3.71 (1H, m, and 3.90 (1H, m, . Similarly to discorhabdins A (3) and B, 3 the observation of a doublet at δ H 5.32 (1H, d, J = 3.2 Hz) implied the presence of a thioester bridge between C-5 and C-8, which was supported by the characteristic 13 C chemical shifts of the thiomethine carbon at δ H 60.8 (C-8) and a quaternary carbon at δ H 149. 4 (C-5) . The significant differences in the 1 H NMR data of 1 as compared to discorhabdin B were the presence of an oxymethine (δ H 4.73, 1H, d, J = 6.0 Hz) coupled with the olefinic H-4 signal (δ H 5.61, 1H, d, J = 6.0 Hz) and the upfield chemical shift (Δ 1.3 ppm) of the H-1 signal (δ H 6.66, 1H, s). This suggested that the ketone in the 1,4-cyclohexadiene ring is changed to an alcohol at C-3, which was further supported by the oxymethine signal (δ C 69.8) appearing in the 13C NMR (MeOH-d 4 ) spectrum. In addition, the 1,4-cyclohexadiene structure of 1 was confirmed by HMBC correlations from the hydroxy methine proton to C-1 (δ C 134.4), C-2 (δ C 128.2), C-4 (δ C 115.8), and C-5 (δ C 149.4) (Figure 1 ). The NOESY NMR (MeOH-d 4 ) data, which showed correlations from H-8 (δ H 5.42, d, J = 3.2 Hz) to both the H-7 protons (δ H 2.54, d, J = 11.2 Hz and 2.26, dd, J = 11.2, 3.2 Hz) and from H-1 (δ H 6.66, s) to H-7a (δ H 2.54, d, J = 11.2 Hz) supported that 1 had the same relative configuration as those of discorhabdins A and B. 3 When collecting optical rotation and CD data for 1, the compound decomposed, and we currently lack access to more sponge material, so the absolute configuration of 1 is not assigned. To follow the naming system of the discorhabdins, 2,7 the new compound 1 was named dihydrodiscorhabdin B.
Compound 2 was obtained as a purple solid, and its UV data were similar to those of the discorhabdins. The LRESIMS spectrum of 2 displayed quasi-molecular ions at m/z 386 and -17 (δ H 3.85, m and 3.80, m) . The absolute configuration of 2 was assigned as 6R by comparison of the experimental CD spectrum with simulated electronic circular dichroism (ECD) spectra calculated by time-dependent density functional theory (TDDFT). 8 The theoretically calculated ECD spectrum of the formate of 6R-2 agrees with the observed CD data ( Figure 2 ). Molecular orbital (MO) analysis has been carried out at the B3LYP/ 6-31G** level in the gas phase, indicating that the experimentally negative Cotton effects (CEs) near 400 and 266 nm correspond to n→π* (388 nm, MO92→MO99) and π→π* (272 nm, MO96→MO100) electronic transitions ( Figure 3 , Table 1 ), and those at 291 and 218 nm are contributed by the electronic transfers (299 nm, MO98→MO100 and 204 nm, MO97→MO102). The positive CE in the experimental ECD at 360 nm results from the π→π* electronic transition (377 nm, MO95→MO99) and the electronic transfer (371 nm, MO94→MO99). The experimental high-amplitude positive CE at 244 nm may be overlapped by a series of electronic transitions in the 208-270 nm region, and the predominant one near 230 nm results from a σ→π* electronic transfer (MO88→MO99).
Discorhabdins E 5 and G 9 have C-4-C-5 and C-7-C-8 double bonds, respectively. Thus, compound 2, with both of these olefinic bonds being saturated, is a new compound that may be named either 4,5-dihydrodiscorhabdin E or 7,8-dihydrodiscorhabdin G. In order to prevent confusion, we prefer to name the new analogue discorhabdin Y.
Owing to the unique structures of the discorhabdins and their potent cytotoxicity, pyrroloiminoquinones have attracted attention as a promising lead structure for the development of possible anticancer agents. 2 Most studies of these metabolites have focused on their cytotoxicity, and no reports of antimalarial activity have been published. On the basis of the preliminary screening, we explored the antiviral, antimalarial, and antimicrobial activities in selected in vitro assay systems. The major constituents 3, 4, and 7 were evaluated for their in vitro antiviral activity in the HCV Huh-7 replicon assay, and the results are presented in Table 2 . Although the compounds displayed anti-HCV activity with EC 90 values less than 10 μM, they were also cytotoxic toward Huh-7 clone B cells. The in vitro antimalarial activity of the major pyrroloiminoquinones was assayed against both the D6 (chloroquine-susceptible) and W2 (chloroquine-resistant) clones of P. falciparum, and their toxicity was evaluated against a nontransformed mammalian cell line, namely, monkey kidney fibroblasts (Vero) ( Table 2 ). The index of selectivity (SI = IC 50 Vero /IC 50 P. falciparum ) indicates the specificity of compounds against the parasite. Compounds 3, 4, and 7 showed antiprotozoal activity against the D6 clone, with IC 50 values of 53, 2800, and 170 nM, respectively, as well as the W2 clone, with IC 50 values of 53, 2000, and 130 nM, respectively. In addition, the major pyrroloiminoquinones exhibited selective antimicrobial activity against the AIDS opportunistic pathogens MRSA, M. intracellulare, and M. tuberculosis (Table 3) . Because 3 and 7 showed potent and selective in vitro antimalarial activity, their in vivo antimalarial activity was investigated in a Plasmodium berghei mouse malaria model. Two groups of mice (five in each group) infected with P. berghei were treated with 10 mg/kg of 3 and 7 on day 0 (2 h after the infection), and the control group was administered an equal amount of SSV (the vehicle). No apparent toxicity was observed in animals treated with both compounds on day 0. However, on day 1, all the animals treated with 7 showed signs of toxicity such as loss of weight, reduction of movements, and dehydration. One of the mice died on day 3 and the others on day 4 before examination for parasitemia. Animals treated with 3 did not show any external symptoms on day 1 and received the second dose of compound (10 mg/kg). However, animals in this group also exhibited signs of toxicity from day 2 and one of them died on day 4. Blood smears were prepared from the remaining four mice on day 5. Although around 50% suppression of parasitemia was observed in this group (Table 4) , the mice were euthanized due to the significant loss of weight (>25%) and severe signs of toxicity.
Experimental Section

General Experimental Procedures
Optical rotations were measured on a JASCO DIP-370 polarimeter. CD spectra were obtained on a JASCO J-715 spectropolarimeter. UV-vis spectra were recorded on an Agilent 1100 series diode array and multiple wavelength detectors (DAD). The LC-MS analyses were performed with an Agilent 1100 HPLC system applying a Phenomenex Luna 5 μm C 8 (2) column (4.6 mm × 150 mm), MeCN-H 2 O (0.1% HCOOH) gradient solvent system, and a Bruker Daltonics microTOF mass spectrometer. HRESIMS spectra were measured using the LC-MS system with electrospray ionization. NMR spectra were obtained on Bruker Avance DRX-400 MHz and Varian Unity Inova 400 MHz spectrometers using methanol-d 4 or DMSO-d 6 (Aldrich) as solvents. Column chromatography was conducted using silica gel 60 (40-63 μm particle size) and RP-18 (40-63 μm particle size). Precoated TLC silica gel 60 F 254 plates from Merck were used for TLC. HPLC was carried out using a Waters System equipped with a Waters model 2487 dual λ absorbance detector and Phenomenex C 8 and C 18 columns (21.2 × 250 mm or 10 × 250 mm, 5 μm particle size) for preparative runs. 
Extraction and Isolation
The frozen sponge was homogenized and extracted with EtOH at room temperature. The crude extract (50 g) was subjected to VLC on a silica gel column (15. O (10:90) at flow rate of 5 mL/min] to afford 6 (3.9 mg).
Computational Chemistry
Density functional theory (DFT) calculations, using Gaussian 03, were employed to optimize the ground state geometries at 298 K in the gas phase at the B3LYP/6-31G** level by using default convergence. Harmonic frequencies were calculated to confirm the minimum. The geometry of the ground state was then used to calculate the ECD by using TDDFT at the B3LYP/6-31G** and B3LYP/aug-cc-pVDZ//B3LYP/6-31G** levels in the gas phase. The calculated excitation energies ΔE i (in nm) and rotatory strength (R i ) were then simulated into ECD curves by using the Gaussian function where σ is the width of the band at 1/e height and ΔE i and R i are the excitation energies and rotatory strengths for transition i, respectively. In the current work a value of σ = 0.20 eV and rotatory strength in the dipole length form (R len ) were used.
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HCV Replicon Assay 10
Huh-7 clone B cells containing HCV replicon RNA were seeded in a 96-well plate at 5000 cells/well, and the compounds were added in duplicate at 10 μM. Following five-days incubation (37 °C, 5% CO 2 ), the total cellular RNA was isolated using the RNeasy 96-kit, Qiagen. Replicon RNA and an internal control (TaqMan rRNA control reagents, Applied Biosystems) were amplified in a single-step multiplex RT-PCR assay. To express the antiviral effectiveness of the compound, the threshold RT-PCR cycle of the test compound was subtracted from the average threshold RT-PCR cycle of the no-drug control (ΔCt HCV ). A ΔCt of 3.3 equals a 1 − log reduction (equal to the 90% effective concentration [EC 90 ]) in replicon RNA levels. The cytotoxicity of the test compounds was also expressed by calculating the ΔCt rRNA values.
Antimalarial and Antimicrobial Assays
In vitro antimalarial activity was determined on chloroquine-sensitive (D6, Sierra Leone) and -resistant (W2, Indo-China) strains of P. falciparum. 11 In vivo tests were performed under the protocols of the NCNPR. Mice were infected intravenously with P. bergheiinfected red blood cells (2 × 10 6 ) and treated subcutaneously or orally with 10 mg/kg of a solution of the test compounds at 2 h (day 0) and on day 1 post-infection. Parasitemia was determined by microscopic examination on day 5 and expressed as percentages of the mean parasitemias. In vitro antimicrobial activity against AIDS opportunistic pathogens and antituberculosis activity against M. tuberculosis were evaluated by previously published procedures. 12
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (A) Calculated and experimental ECD spectra of the formate of discorhabdin Y (2) (black line, at the B3LYP/6-31G** level in the gas phase; green line, at the B3LYP/aug-cc-pVDZ// B3LYP/6-31G** level in the gas phase; blue line, experimental in MeOH). (B) Optimized geometry of the discorhabdin Y (2) salt at the B3LYP/6-31G** level in the gas phase. (blue, -N; red, -O; dark red, -Br). Some molecular orbitals involved in the key transitions in ECD of the discorhabdin Y (2) salt at the B3LYP/6-31G** level in the gas phase. a Microscopic counts of blood smears prepared from each mouse on day 5 were processed and expressed as percentages of the parasitemia for the individual animals. Mean ± SD (control − (12.5 ± 1.2)) (treated with 3 − (6.6 ± 0.3)).
